A newly developed helicopter transient electromagnetic (TEM) system has the ability to measure very early times within just a few μs after the turn off of the primary current. For such a system, careful calibration and accurate modeling of the electromagnetic (EM) response is critical to get true resistivities of the very shallow geologic layers. We discovered that this leads to resolution of the same level or in some cases even better than what can be obtained from airborne frequency EM systems. This allowed a range of important applications where high and accurate resolution is mandatory, e.g., geotechnical applications such as urban planning, railroad and road investigations, landslides or distribution of raw materials, and assessing aquifer vulnerability. We evaluated the results of a pilot survey covering the Norsminde catchment south of Aarhus, Denmark, where we found that near-surface layers (top 30 m) can be mapped with an accuracy of a few meters in a complicated glacial sedimentary environment. The mapping of the geologic layers was assessed by a detailed analysis in which we developed a general methodology for crosschecking the EM and borehole data. This methodology is general and can easily be adapted to other data types and surveys. After rating the quality of the boreholes based on a list of predefined criteria, we concluded that the EM data matched with about three-quarters of the boreholes located within less than 15 m from the closest EM soundings. The remaining quarter of the boreholes fell into two groups in which half of the boreholes were of very poor quality or had inaccurate coordinates. Only eight of all the boreholes could not be reproduced by the data, and we attributed this to be caused by very strong lateral or vertical geologic variations not resolvable by the TEM technique.
INTRODUCTION
Through the last few decades, electrical and electromagnetic (EM) methods have been constantly improved with the purpose of delivering detailed and reliable information about near-surface geology. Review papers by Dahlin (2001) for direct current (DC) methods and Tekzan (1999) and Everett (2012) for induction EM methods provide overviews of the large range of applications in which near-surface geologic information is useful. Among the most recent studies, one can find various applications such as aquifer vulnerability mapping (Röttger et al., 2005) , landslide hazards (Pfaffhuber et al., 2010; Supper et al., 2013) , clay mapping (Donohue et al., 2012) , agriculture regulation (Refsgaard et al., 2014) , and overburden mapping Oluwafemi and Oladunjoye, 2013) . Most of those studies rely on the mapping of clay geologic units because of their particular mechanical and hydraulic properties, which play key roles in geotechnical (e.g., landslides, construction) and hydrogeological (e.g., groundwater flow modeling, pollution plumes) problems. These clay units generally have high electrical conductivity values, which make them excellent targets for mapping with EM methods. When ground-based EM methods are inexpensive compared to operating a helicopter or an airplane and allow accurate and advanced studies of specific sites, they do not scale well when the surface to be covered is large, i.e., above hundreds of square kilometers or along transects several kilometers long. In these cases, airborne methods constitute a costefficient alternative estimated to be a factor 7-8 times less expensive where the line distances are the same, but the airborne EM (AEM) method has a factor of 7 more soundings along the flight lines.
Helicopter frequency EM (HFEM) systems have been used more for near-surface mapping than helicopter transient EM (HTEM) systems because they traditionally have a higher frequency content and a more compact geometry, which plays a role in the lateral and vertical near-surface resolution of the geologic layers. For deeper targets, HTEM systems have been preferred to HFEM systems as most HFEM systems cannot reach depths much below 100 m. Thorough discussions of HFEM systems for near-surface mapping, e.g., groundwater exploration, can be found in Steuer et al. (2009) . To get an equivalent high-frequency content, HTEM systems must be able to measure very early off-time gates right after a short turnoff of the current in the transmitter loop and this has hitherto been a difficult technological challenge.
The SkyTEM system (Sørensen and Auken, 2004) , initially designed for groundwater mapping, has been constantly improved during the last decade, one of the most important ameliorations being the measuring of earlier and earlier gates . These developments led to the construction of a new version of the system SkyTEM101, which has been used for mapping an entire catchment with focus on aquifer delineation and geologic mapping in the top 30 m . The aim of this paper is to assess the near-surface resolution capabilities of this system by comparing to borehole data.
Most papers discussing AEM and borehole data consider a relatively limited number of boreholes (Baldridge et al., 2007; Dickinson et al., 2010) . Extensive and detailed comparison can be found in Lane et al. (2001) and Mullen et al. (2007) . In these studies, they compared results from TEMPEST surveys applied to salt mapping with conductivity logs. They showed good resemblances especially for layers with low resistivities in the range of 1-10 Ωm. In the present study, there is no salt water intrusion and resistivities are more often in the range of tens of Ωm, making the resolution of layers more challenging for the system. Also, conductivity logs, despite their own uncertainty coming from local geologic heterogeneity, disturbances due to the drilling technique and problematic calibration, provide more quantitative information compared to geologic logs, but they are not always available. In the present comparison, the survey area contains more than 500 boreholes, but only a few usable conductivity logs are present and only three are close to the flight lines. In contrast to the study by Lane et al. (2001) where line spacing was 200 m, the spacing reached with the new HTEM system is down to 50 m in the most geologically complex area. Moreover, the HTEM system is more compact compared to a fixed-wing system such as TEMPEST where the receiver loop is towed about 100 m behind the transmitter frame. Our comparison is therefore focused only on boreholes very close to flight lines (<15 m), and we illustrate the difficulties in comparing site-specific detailed geologic information with geophysical models, which often integrate larger volumes of the subsurface. To take benefit from a conventional borehole database, we propose a methodology where we consider all boreholes with a lithological and/or a geologic description. Our methodology consists of two main steps: (1) assessment of borehole quality and (2) crosschecking the match between boreholes and AEM data based on quantitative parameters.
In the following, we will present the HTEM system and focus on the most important features for the interpretation of early time data. A preliminary sensitivity analysis is carried out to assess the performance of the HTEM system compared to a HFEM system (like RESOLVE) for resolving thin near-surface layers. Subsequently, the pilot survey area and the geophysical results of the campaign are introduced. Finally, a comparison between the AEM resistivities and borehole data is made to test and validate the efficiency of the system for mapping and resolving the top 30 m of near-surface geology.
A TRANSIENT AEM SYSTEM FOR NEAR-SURFACE MAPPING
Technical specifications
The new SkyTEM101 is shown in Figure 1a . The main new feature of this system is the capability to measure very early times at only a few μs from the end of the turn off Schamper et al., 2014) , which to our knowledge has not been measured by any other transient AEM system before. The system has a small transmitter loop area of only 130 m 2 and uses two transmitter moments ( Figure 1b) ; the superlow moment (SLM) with an injected current of 7 A and the high moment (HM) with a larger current of 55 A. The SLM is meant for very short turn offs of the current in the order of ∼3 μs and makes it possible to measure very early times a few μs after the end of the ramp. Low-pass filters of 300 and 450 kHz are introduced by the receiver coil and the transmitter, Figure 1 . (a) The SkyTEM101 system in operation and (b) a classical dual-moment dB/dt sounding curve with SLM and HM curves; the circles indicate the times (from the beginning of the turn-off ramp) that are actually used for the interpretation of the data. respectively. In contrast, the HM with a turn off time of ∼12 μs allows later times measurements, resulting in a deeper depth of investigation (DOI). The recorded times span from 2 to 3 μs to slightly more than 1 ms after the end of the turn off ramp, giving a DOI slightly more than 100 m for an average ground resistivity of 50 Ωm.
The small size and weight of the system allows the use of a smaller and more cost-effective helicopter. The frame is made from a new composite material, and the aerodynamics profile allows the system to be flown at a speed of 100-140 km∕h. In our case, it took one week to fly the pilot survey of ∼2000 line km over an area of 120 km 2 with a line spacing of 50-100 m. This time includes refueling of helicopter, check and small repairs of the system, delays due to weather conditions etc.
In the acquisition settings of the present survey, each moment, SLM and HM, had a stack size of 80 transients with a repetition frequency of 400 Hz resulting in a full sounding for each 0.6 s. With an average flight speed of 30 m∕s, this gives a full SLM þ HM sounding for each 15 m. An additional stacking window is applied to the data during processing to improve the signal-to-noise ratio at late times. The width of the stacking filter varies and increases with gate times to obtain the best lateral resolution possible; it is shorter at earlier gate times, starting with 1 s for gates until 20 μs. The final best lateral resolution of the top 30 m is estimated at ∼20-40 m, considering the diffusivity of the method, the frame altitude close to 30 m and a conductive ground. For a more resistive ground, the footprint of the system becomes larger (Reid and Vrbancich, 2004) , and a larger volume of the ground is averaged.
System calibration and coil response
The improvement of the electronics to get the very short turn off (which is equivalent to getting high-frequency content in the frequency domain) is not sufficient by itself, and careful processing procedures have to be applied to interpret those early times correctly.
During the last decade, extensive efforts have been made to calibrate the various AEM systems on the market to deliver a quantitative estimation of the ground resistivity for low to moderate resistivities, i.e., between 1 and 200 Ωm Fullagar, 2004, 2007; Lavoué et al., 2010; Podgorski et al., 2013) . For the SkyTEM101 system, we have applied the calibration procedure detailed in Foged et al. (2013) . In short, this consists in measuring the ground response at a reference site where the resistivity model is well documented, e.g., by boreholes (drill description and electrical log [Ellog] if available), electrical resistivity tomography, and/ or ground-based geophysical methods. The measured sounding curve is shifted in amplitude and time to match the forward EM response of the reference model. The calibration usually results in an amplitude correction factor close to 1.0 (generally in the range 0.95-1.05), and in a time shift correction close to 0 μs (generally within AE 2 μs). For the resolution level targeted for this study, timing is crucial to a level less than a microsecond as even a shift in the order of AE1-2 μs has shown to change the interpretation of the top 5-10 m significantly. Linking this to geology, a sandy layer would be replaced by a clayey layer for a positive time shift and inversely for a negative shift (Schamper et al., 2011) .
Off-time gates measured at few μs after the turn-off of the current are disturbed by what is denoted as the coil response (CR). The CR is generated by residual currents circulating in the transmitter loop after the current turn off. To minimize the CR amplitude compared to the ground response, the receiver loop of the system is placed slightly outside the transmitter wire ( Figure 1a) . However, the CR still needs to be modeled to be able to use the very early times of the system. The procedure detailed in Schamper et al. (2014) is applied, allowing the usage of gates 2-3 μs from end of ramp, i.e., 5-6 μs from the beginning of ramp with a ramp time of ∼3 μs.
Sensitivity and performance analysis based on synthetic cases
To demonstrate the resolution capabilities from a pure theoretical point of view, we have carried out a sensitivity analysis on the estimation of the thickness or depth of a near-surface layer. To put the resolution capabilities in perspective, the transient EM data are compared to the well-known frequency EM system RESOLVE (CGG). The RESOLVE system has a total of six frequencies: 0.395, 1.8, 3.2, 8.2, 38.8, and 129 kHz. A nominal flight altitude of 30 m is considered. Because the focus is on very near surface information and to keep the analysis simple, a constant relative data error of 2% is assigned to all times and frequencies.
Similarly to the work of Tarantola and Valette (1982) and Auken and Christiansen (2004) , a standard deviation factor (STDf) is estimated from the linearized approximation of the covariance matrix of the estimation error. Under lognormal approximation and for a parameter whose estimation equals q, it is 68% likely that the parameter lies in the interval q∕STDf < q < q:STDf. The results of this analysis are displayed in Figure 2 . For the present study, the embedding media has a fixed medium resistivity of 100 Ωm. In Figure 2a , a two-layer model is considered with varying parameters: the resistivity of the first layer (ρ 1 ) from 1 to 1000 Ωm and the thickness of the same layer (h 1 ) from 1 to 20 m. STDf values close to 1 (dark blue) mean that the thickness of the top layer is very well resolved. For instance, a STDf of 1.5 indicates an error of about AE50%. When ρ 1 is close to the surrounding resistivity of 100 Ωm, a clear axis of nondetermination is visible, as the first layer is confounded with the second layer in terms of resistivity. Figure 2a shows that the area of low determination (dark red) is larger for RESOLVE compared to SkyTEM101 for resistivities below the background resistivity. For a top layer more resistive than the background, the HFEM system is performing slightly better than the HTEM system. The plot for the HTEM system indicates that the thickness of layers at least 3 m thick is well determined (STDf < 1.5) for resistivities below 20 Ωm (background of 100 Ωm). The more ρ 1 is lowered, the thinner the top layer can be resolved, with 1-m-thick layer being well determined for ρ 1 of few Ωm. As expected, above 100 Ωm, the resolution of a more resistive layer is more difficult, whatever the value of ρ 1 . In this case, the top layer needs to be at least 4 m thick to be well resolved.
Figure 2b-2e deals with the cases of a dipping near-surface layer of a thickness of 1, 2, 5, and 10 m, respectively. As with Figure 2a , the plot for the RESOLVE configuration shows an area of low determination (dark red) slightly larger compared to the SkyTEM101 configuration for 1 and 2 m cases (Figure 2b and 2c). For the 5 and 10 m cases (Figure 2d and 2e), the overall performances of both systems are similar. Analysis of the SkyTEM101 plot concludes that the location of layers less than 2-m deep is approximate. Contrary to the two-layer model, the three-layer, or sandwich, model clearly shows that thin layers have to be more conductive than the surrounding layer to be well resolved. The enlarging area of accurate determination (dark blue) from 1-to 2-, 5-, or 10-m-thick layer illustrates the importance of the conductance, i.e., the product of conductivity and thickness, for the visibility of the layer. For a 2-m-thick layer at a depth of 20 m, ρ 2 has to be < ∼ 15 Ωm for thin layer to be well resolved. For the 5-and 10-mthick layers (Figure 2d and 2e), the thresholds are 30 and 50 Ωm, respectively.
The analysis presented in Figure 2 shows the competitive performance of the HTEM system compared to a HFEM system for the resolution of the near surface. We are aware that the analysis does not consider all field parameters such as systematic errors at early times or high frequencies, altimeter errors etc. . However, it increases the interest of continuing the study of the HTEM system and investigating what can be achieved from field data.
THE AEM SURVEY: SURVEY DESIGN AND INVERSION RESULTS
The development of the SkyTEM101 system is part of the NiCA project (Nitrate Reduction in a Geologically Heterogeneous Catchment, Danish Council for Strategic Research) whose main objective is to model and estimate the nitrate reduction in shallow aquifers (top 30 m) at the scale of an entire catchment and at the resolution of each farm field (Refsgaard et al., 2014) .
The survey area is located 20 km south of Aarhus, Denmark and covers the Norsminde catchment area of about 120 km 2 . Figure Figure 3a) , then a second set was added in the western part of the area (orange lines in Figure 3a ) also with a line spacing of 100 m, but between phase 1 lines, and finally, a last small group of crosslines (green lines in Figure 3a) was produced with a 50-m line spacing. As a result, the western area common to phases 1 and 2 has a line spacing of 50 m.
As mentioned earlier, the sounding spacing of individual AEM soundings along the lines is about 15 m with a cruise speed of 100 km∕h. The lateral resolution is finest in the near surface (top 30 m) and becomes gradually coarser with depth. With a nominal flight height of 30 m for the frame, the best expected lateral resolution for the system is 20-40 m. Another characteristic of AEM data, which impacts the resolution, is the EM coupling due to the presence of man-made installations such as buried cables along roads or power lines. Coupled data cannot be compensated and must be culled (Viezzoli et al., 2012) in order not to mistake such responses for shallow conductive clay lenses. In practice, 100-200 m segments of data near power lines and roads are cut. The result of this processing is illustrated in Figure 3b where black lines show the remaining AEM soundings used for the inversion. For densely populated areas such as the NiCA survey area, up to 50% of the data has to be removed, but the remaining 50% of data still provides a large amount of useful information.
Once processed, the data are inverted with the quasi-3D method, spatially constrained inversion (SCI) (Viezzoli et al., 2008) . Auken et al. (2008) show that as long as lateral slopes of the geologic layers are below 30%, i.e., well within slopes typically found in sedimentary areas, the quasi-3D model's description is sufficient to recover the true interface and layer resistivities. For the present data set, the spatial constraints were set to a factor of 1.35, meaning that resistivities of immediately adjacent soundings were allowed to change within roughly 35% from sounding to sounding. This constraint is considered loose; i.e., models can change very rapidly with very little adverse trade-off in the objective function of the inversion problem. Moreover, the spatial constraints were set to decrease rapidly outside a radius of 25 m from a sounding. The total data set has more than 100,000 models, each one composed of 29 layers with fixed thicknesses increasing logarithmically within a depth range of 1.5-150 m (the first layers are 1.5-, 1.6-, 1.8-, 1.9-, 2.1-, and 2.2-m thick, and the last layer above the infinite half-space is 12.9-m thick). The resistivity is initially the same for all layers. A regularization constraint is applied to stabilize the inversion algorithm and to avoid under and overshoots in the resistivity model. We chose the multilayer modeling approach over few layer models with sharp boundaries because smooth modeling resolves small resistivity variations better, and a fixed number of layers does not have to be chosen beforehand (Auken and Christiansen, 2004) .
Results of the SCI are illustrated in Figure 4 with a mean resistivity map covering the 15-20-m depth interval. The resistivity grid is obtained using kriging with a search radius of 150 m and a grid spacing of 20 m. As well known from the physics of EM methods, conductive geologic units such as clay are better delineated than more resistive ones such as sand lenses. Blue to green colors correspond to low-to-intermediate resistivity values, typically fine-grained sediments with some clay content, and yellow to red colors correspond to high-resistivity values, typically coarse-grained sediments like sands. A clear difference is seen between the eastern and western parts of the survey area, with very low and uniform resistivity values on the eastern part, whereas the western part shows more complicated structures with alternating units. The eastern part has Palaeogene clay almost at the surface. These clays are conductive with a resistivity around 2 Ωm. Its top boundary is generally horizontal. The northwestern area delimited by the orange line in Figure 4 is a highly glaciotectonically deformed area where sand and clay layers have been thrust and folded. Many of the clay units comprise clay till whose resistivity levels are above those of the Palaeogene clay. Resistivities of this clay till are not far from sandy sediments like glaciofluvial sand and sand till, but different enough to separate clay units from sandy ones. Expected resistivity values for the different sediments in the region (Jørgensen et al., 2005) are displayed in Table 1 . An extensive review can be found in Jørgensen et al. (2003) . The determination of the resistivity values in Table 1 is based on direct comparison of borehole data with measured resistivities from TEM surveys, but also with resistivity log data. Measurements of resistivity values for different sediment types have also been conducted directly on borehole samples as detailed in Lykke-Andersen (1974) and Johnsen and Jørgensen (2006) . The resistivity values of Table 1 have been confirmed by numerous studies, e.g., Høyer et al. (2011) and Jørgensen et al. (2012) . Other geologic units such as buried subglacially meltwater-eroded tunnel valleys (Jørgensen and Sandersen, 2006) , at different scales and filled with younger sediments, are also present in the area. One such very deep and wide buried valley extends from east to west through the southern part of the survey area (Figure 4 ). 
RESULTS

Borehole data
Data from boreholes used in this study are stored in the Jupiter database maintained by the Geological Survey of Denmark and Greenland. A total of 551 boreholes (February 2011) are registered in the Jupiter database inside the survey area, yielding a density of 4.6 boreholes per km 2 . The mean depth of the boreholes is 27 m.
These data comprise borehole construction logs (driller's logs), borehole sample descriptions, layer boundaries, depth, geographical coordinates, information about drilling method, purpose, groundwater head, etc. If the boreholes were logged by wireline tools, such results are also stored in the format of scanned documents and reports. Most boreholes were drilled for groundwater extraction, but many were drilled for geotechnical, raw material, and waste-site examination purposes. Only a very small number were drilled for scientific purposes.
Most boreholes are made by auger drilling, cable tool drilling, and mud-circulation drilling (ADITCL, 1997). The auger drillholes are typically shallow holes used for geotechnical, raw material, and waste-site examination. Normally, they have geologic log information of high quality. Cable tool drillholes are generally deeper and mainly used for water extraction wells. They, too, can offer highquality geologic information. The mud-circulation drillholes can be split into two groups: direct circulation drillholes (rotary drillholes) and reverse mud-circulation drillholes (airlift drillholes). The direct circulation drillholes cannot provide quality data, whereas the reverse circulation drillholes typically provide reliable data, although not in the category of auger and cable tool drillholes. The quality of borehole samples achieved from the mud drillholes is strongly influenced by the bit used. Relatively big clay cuttings (up to about 15 cm) can be recovered from wing or blade bits, whereas only poor and disintegrated samples are derived when roller bits are used. In some cases, Ellog drillholes (Sørensen and Larsen, 1999) have been uploaded to the Jupiter database. The Ellog auger drilling method uses an integrated approach to obtain hydrological data where highresolution gamma and resistivity logs are collected during drilling. At the same time, undisturbed depth-specific water samples can be taken through the cutting head.
The driller's log provides indispensable information such as the borehole method, the drill-bit type used, the sampling method, geographical coordinates, type of drilling mud used, weather, etc. In some cases, samples are collected for further description in laboratory. Because of the high complexity of the geology of the studied area, the accuracy of the coordinates is critical for the present comparison study. A substantial number of borehole coordinates were registered only after reading from a map. Only recent boreholes have their coordinates systematically determined by a global positioning system (GPS) and differential GPS.
Crosscheck method
Crosschecking of AEM results with borehole data is a two-step process involving (a) evaluation of borehole quality and (b) assessment of the match between boreholes and AEM models.
Borehole quality
To crosscheck the AEM results against the borehole data, only boreholes located close to the flight lines are used to minimize the effect of lateral geologic variations between the locations of the borehole and the AEM soundings. All boreholes located within AE15 m from any sounding/flight line (30 m zone) were considered, which resulted in 54 boreholes. This is about 10% of the total number, despite the fact that the 30 m zone along the flight lines covers more than 40% of the area. The reason for this discrepancy in the number of boreholes finally selected is that many boreholes are situated close to buildings or roads, where the TEM data have either been culled due to couplings or not measured because the helicopter was not allowed to pass over buildings.
The selected 54 boreholes comprise a mixture of shallow auger drillings, deeper rotary and airlift drillings, and three Ellog drillings. The deeper mud-circulation drillings are made for water extraction, and the quality of their geologic descriptions varies significantly because some are made by air lift and some as direct rotary drillings. Many of the deeper boreholes do not have information on the drilling method, but it is likely that most of these are rotary drillings. For six of the boreholes, only borehole coordinates exist. At the end, we had 46 boreholes for the crosscheck (Figure 4) . The mean depth of boreholes was 29 m.
When comparing AEM data to the borehole data, the quality of the latter is of utmost importance. If compared with poor borehole data, the results are useless in the best case, and in the worst case, they are misleading. We therefore performed a quality rating of the 46 boreholes, including handwritten driller's logs and potential inaccuracy in borehole coordinates. Some degree of subjectivity is involved in the rating, but we found no other way to evaluate the quality. Every effort was made to reduce subjectivity to keep the results transparent and documented.
To rate the borehole data, we considered the following parameters: 1) accuracy of geographic coordinates 2) degree of detail in geologic/lithological information derived, i.e., few described samples by driller and the number of selected samples for geologic description 3) accuracy of driller's sample descriptions, based on the level of detail, effort spent on descriptions, evaluation of the specific driller's skills, and general reputation 4) accuracy of the geologist's descriptions (if existing), based on the level of detail, quality of interpretation, effort spent on descriptions, evaluation of personal skills of the geologist in charge 5) objective information about drilling method, drilling purpose, age, etc.
These categories have each been assigned a rating falling in three levels: good (1), medium (2), and poor (3). At the end, the ratings are combined into an overall credibility rating in the same three levels. Figure 4 summarizes the ratings of boreholes by showing the location of good quality boreholes as red circles, medium quality boreholes as green squares, and poor quality boreholes as white inverted triangles.
Match between boreholes and AEM models
The actual matching was done by drawing a short (approximately 300 m) profile section along the flight line at each borehole and adding the geologic log and the AEM soundings to the profile. Then by using the expected resistivity values for sediments occurring in Airborne EM near-surface mapping B193 the area (Table 1) , a visual comparison between the two data sets was performed. Finally, the comparison between the data sets was evaluated into four categories ( Figure 5 ): a very good match (1), a good match (2), a poor match (3), and no match (4). These levels are evaluated in the following way: 1) A very good match can be assessed if the AEM models reproduce clay layers and sand layers at correct positions and with matching boundaries within a few meters. 2) A good match is given if the position of a clay/sand boundary is only somewhat imprecisely reproduced, e.g., 3-4 m at a depth of 15 m, or if thin layers are not resolved. 3) A poor match is given if there is still an overall resemblance between the distribution of sediments in the borehole and the resistivity values expected for these sediments, but if some discrepancy occurs in minor depth intervals. 4) If no match is given, no resemblance is observed.
Results of crosscheck
The results of the borehole rating showed that 34.8% of the boreholes were classified as good, 39.1% as medium, and 26.1% as poor (Figure 4) . The mean rating of all 46 boreholes gave a value of 1.9, placing it just below medium.
The results of the crosscheck indicate a very good match for 43.5%, a good match for 32.6%, a poor match for 17.4%, and no match for 6.5% of the boreholes ( Figure 5 ). Figure 6 shows an 8.5-km-long vertical profile section crossing the southern part of the area from west to east (segmented black line in Figures 4 and 5 ) with interpolated resistivities from the AEM soundings and seven of the boreholes used for the crosscheck. This profile was chosen so that it goes through a maximum number of boreholes with different qualities and through areas with different geologic configurations. Note that Palaeogene clay (dark blue color in the eastern part of the area in Figure 4 ) is difficult to penetrate by drilling, which limits the number of boreholes and makes the depth of the boreholes, if existing, very shallow where the clay reaches the surface. The corresponding borehole rating and the given match at each location is indicated above each borehole in Figure 6 . On the profile, all levels of matches and borehole ratings are shown. In general, a close match between the borehole data and the AEM data is evident. Details of four of the boreholes (nos. 1, 2, 3, and 6) are shown in Figures 7 and 8 to exemplify the comparison analysis with short profiles of 300 m.
Borehole no. 1 (Jupiter archive no. 98.1319) shown in Figure 7 is a relatively new borehole constructed for a groundwater resource mapping and protection program. Despite using mud-circulation drilling, the quality of this borehole is rated good because of other criteria: sampling, descriptions, interpretation, location etc. The open borehole was logged (prior to casing and sealing) with induction, resistivity, and gamma tools (Orbicon A/S, 2012). The match is found to be very good because the clay till layer (ml) in the top 37 m in the AEM soundings is found to have a resistivity of 25-50 Ωm, which is consistent with the values in Table 1 . Also the two resistivity transitions toward higher values at elevations of about 60 and 47 m in the induction log match the resistivity transitions visible in AEM results quite well, despite the smoothness of the inverted models (Figure 7) . A 5-m-thick sand till layer (ms) is, however, not reproduced in the AEM resistivity models. This layer is relatively thin compared to its overburden (20 m). The occurrence of the sand till layer is based on laboratory examination of a small part of the entire collected borehole samples, but according to on-site geologic descriptions of the full samples made by the borehole logging company (Orbicon A/S, 2012), the sand till does not exist; instead, it is described to be also clay till (however, a bit more sandy). The lower boundary of the clay till (ml) fits exactly with the top of the 50-Ωm layer in the AEM soundings located around 45-m elevation. The induction and Ellogs also show close agreement with resistivities between 15 and 40 Ωm in the clay till package. Miocene sand below is medium grained and well sorted. AEM models show higher resistivities of about 50-70 Ωm, a value also measured by induction logs. At an elevation of 5 m, the borehole encounters Miocene silty clay (gl), which, according to the induction log, has a resistivity of about 20 Ωm. This layer corresponds to a decrease in resistivity in the AEM data. At this depth, there is not much signal left because the estimated DOI (Christiansen and Auken, 2012) is situated above this level.
Another example is borehole no. 2 (JA# 98.448) shown in Figure 8a . This borehole is relatively old (1980). There is not much information about the drilling method, and the correct location of the borehole cannot be verified. There is no geologic sample description or interpretation, only the driller's own description, which is not thorough. The overall validity of the borehole data is therefore rated as poor. As seen in Figure 8a , there is not a good match in the top 20 m to the AEM model. The clay layer in the top 10 m falls within high AEM resistivities, whereas the sandier interval below occurs in the transition zone to more conductive layers suggested in AEM soundings. The high resistivities emerging at depths of about 40 m are not confirmed by the borehole. The resulting evaluation is that there is no match.
Borehole no. 3 (JA# 99.803) is a newly airlift-drilled water well (Figure 8b) . We noted the quality of this borehole as medium because there is some uncertainty related to its geographic coordinates, and the geologic descriptions and interpretation are not of top quality. The match between the borehole and AEM models is evaluated as good. The reason why it is not evaluated very good is that AEM soundings show a 25-m thickness of the clay till layer compared to the 33 m shown by the borehole. Otherwise, the clay till (ml) is nicely mapped in AEM soundings by a 25-50-Ωm layer, followed by a deeper layer with resistivities of 50-100 Ωm reflecting a layer of medium to coarse-grained meltwater sand (ds) in the borehole. In the lower part, silty Miocene sediments (gi) are followed by slightly decreasing resistivities in AEM soundings. The slight misfit of the boundary between the clay till and the sand is due to difficulties in precisely resolving the boundary between the clay till (ml) and meltwater sand (ds) in the AEM data.
The last borehole no. 6 (JA# 108.189), shown in Figure 8c , is of very low quality. A rotary drill was used, with an insufficient driller's description and report. Geologic descriptions are performed well, but are useless because the descriptions are done on samples achieved from unreliable drilling and sampling methods. As seen in Figure 8c , the elevation of the borehole is wrong (4 m above ground Table 1 with estimated resistivities, the m symbol corresponds to top soil). The faded colors correspond to parts of the section that are below the estimated DOI (i.e., below black lines in Figures 7 and 8) . Note that the color scale in borehole logs is indicative and not the same as the resistivity color scale. level). The upper 8 m is described as sand till (ms), followed by 10 m of clay till (ml). The corresponding resistivity values are between 23 and 37 Ωm, highest at the surface, at the sand till. This relatively low resistivity in the first layer of the TEM resistivity model compared to the borehole data is likely due to the regularization scheme of the inversion process, i.e., the vertical constraints of the multilayer inversion, which smoothen sharp transitions from thin resistors to conductive layers. However, an elevated resistivity is still detected in the near surface. Except for 4 m of clay till (ml) in the middle part of the borehole, the high-resistivity levels here (60-160 Ωm) correspond to meltwater sand (ds). The match is evaluated as good. The reason for the slight discrepancy in the upper 8 m may be caused by poor borehole data.
Discussion of crosscheck results
The overall results showed a very good or good match in 76.1% of the crosschecks, leaving 23.9% having a poor or no match. For the category of poor match, however, there were still some resemblances with the main geologic units. Cases with no match amount to 6.5%. The match at each borehole was evaluated without taking the borehole data quality into account. To achieve a correct picture of the system's capability to map the near-surface geology, the crosscheck should principally be made against high-quality boreholes without errors and misleading information. To get closer to the real picture, we have therefore examined the reasons behind each mismatch by taking the borehole quality rating into account. If the mismatch is caused by wrong or poor borehole data, the matching results should be adjusted accordingly.
Evaluated causes for mismatch between AEM and borehole data have been sorted into the following five groups (results summarized in Table 2): 1) poor borehole data quality due to poor samples, descriptions, borehole method, driller's log, etc. 2) occurrence of vertical geologic variations 3) occurrence of lateral geologic variations 4) imprecision in borehole coordinates 5) unknown or other causes.
Probable explanations were found for the mismatches at 30 locations (major and minor mismatches). At five of these locations, we estimate the cause to be lateral variations (group 3) mainly occurring from glaciotectonic deformation. Because the glaciotectonic complex consists of stacked, thrust, and folded layers in a strong heterogenic mixture, the AEM data and the applied SCI inversion method will experience problems resolving the geology in detail within this highly complicated area. The distribution of boreholes with match values is shown in Figure 5 , where the orange line shows the extension of the glaciotectonic complex. Six of 11 boreholes with poor or no match are found in this area and two others are very close to it. Also, four out the five boreholes at which lateral variations were believed to be the cause of mismatches are situated within this area. Outside, the geology is consistent between AEM and borehole data, although the geologic complexity is relatively high there as well.
Limited vertical resolution (group 2) is believed to be the reason for mismatch at seven locations and is caused by the presence of layers, which are too thin to be resolved by the system, due to inherent limitations of resolving capabilities of the EM method (see details in the section "Sensitivity and performance analysis based on synthetic cases").
Poor borehole data quality (group 1) is expected to be the cause of mismatch at 11 locations, and imprecise borehole coordinates (group 4) are likely the cause at four locations.
In summary, 50% of the mismatches are related to the boreholes (groups 1 þ 4) and not to the limitations of the AEM system (groups 2 þ 3). The proportion of poor match and no match together should therefore be reduced from 23.9% to about 12%. If we exclude the glaciotectonic complex in the comparison analysis because of its highly complicated geology, this number is further reduced.
Regarding the very first few meters of the ground, the comparison with boreholes is challenging due to the high spatial variability of this uppermost part, which is often rearranged and tilled by human activities. Only comparison with ground-based measurements exactly along the flight lines would allow such a crosscheck. However, it is certain that any AEM system, in frequency and time domains, has limitations in the resolution of the first 2-3 m (as shown in the section "Sensitivity and performance analysis based on synthetic cases") because of the flight altitude itself, which is almost never below 30 m, except in very open and unpopulated areas where it may go down to 20 m. Only ground-based (or towed) Figure 7 . Comparison with resistivity and induction logs at borehole no. 1 (cf. Figure 6 ): on the left the borehole lithology with the nearest AEM soundings (the discretization corresponds to the one used during the SCI), the dark line indicates the estimated DOI and on the right the resistivity and induction logs. Lithology description in the geologic log is summarized in Table 1 with estimated resistivities (m symbol corresponds to top soil). Note that the color scale in the borehole log is indicative and not the same as the resistivity color scale. systems would allow a better near-surface resolution, but they do not allow easy accessibility and fast coverage such as AEM methods do.
CONCLUSION
The new HTEM system presented in this paper brings airborne transient EM methods to the level of near-surface resolution so far reachable only with HFEM systems. The presented borehole rating technique allowed us to evaluate the match with the AEM data set pertinently, by considering the quality of the boreholes and by pinpointing the cases where a mismatch is likely due to poor borehole quality. The methodology also allows the use of conventional borehole data such as geologic logs for the assessment of AEM data, without being limited to conductivity logs.
Despite the high complexity of parts of the survey area where geologic layers have been glaciotectonically thrust and folded, an overall good fit with at least threequarters of the boreholes has been found. The remaining quarter of the borehole-AEM mismatches falls into two groups: Half of them Figure 8 . Three selected crosscheck panels with boreholes also displayed in Figure 6 . The difference with Figure 6 is that AEM resistivities are not coming from gridded resistivity maps, but are direct projections of the resistivity models from the AEM soundings, which are closer than 15 m from the profile. See Figure 7 for additional explanations. are due to inaccurate borehole coordinates (in comparison with the local spatial variability of the geology) or a bad borehole quality (i.e., borehole rating of 3); the remaining mismatches, one-eighth of all boreholes, are due to strong lateral or vertical geologic variations (within a few meters) in the very center of the glaciotectonic complex, which cannot be resolved by the transient AEM system. Our findings show that HTEM systems such as SkyTEM101 provide a reliable and high resolution of even very shallow geologic layers. Combined with their fast and dense coverage, these systems are cost-effective alternatives to ground-based geophysical systems or boreholes for a wide range of applications such as mapping of raw materials for the construction industry, geotechnical applications such as road constructions, and vulnerability estimations in groundwater resource mapping.
